Introduction
Rearrangements of tetracyclic diterpenoids have been extensively studied and were carried out on epoxy compounds [1] [2] [3] [4] [5] [6] [7] [8] [9] or thiocarbonates 10 or through solvolytic reactions. [11] [12] [13] [14] [15] [16] [17] [18] Recent papers 8, 9 have demonstrated that oxygenated functions near the epoxy group participate in the rearrangement process. Moreover, stereochemistry of this function may also influence the course of the reaction. 8, 9 In previous papers, ruthenium-catalyzed rearrangements of epoxybeyeranes with 14-or 12-hydroxy and 14-or 12-acetoxy groups were reported. 8, 9 In this paper, we investigate the possible participation of a benzoyloxy group in the intermediate structures formed in the rearrangement process and in the yields of products obtained.
Results and Discussion
Saponification of ent-14 -acetoxy-18-hydroxybeyer-15-ene (1), a natural product isolated from Sideritis pusilla, 19, 20 gave tartesidiol (2), 8 which was acetylated to obtain 18-acetoxy derivative 3. 8 Product 3 was oxidized with Jones' reagent, yielding ketone 4, which was reduced with NaBH 4 to give ent-18-acetoxy-14R-hydroxybeyer-15-ene (5). 8 Treatment of product 5 with benzoyl chloride gave an ent-14R-(benzoyloxy) derivative, which was epoxidized with m-CPBA to obtain ent-18-acetoxy-14R-(benzoyloxy)-15R,16R-epoxybeyerane (6) . Product 3 was treated with benzoyl chloride and afterwards with m-CPBA to give ent-18-acetoxy-14 -(benzoyloxy)-15R,16R-epoxybeyerane (7) .
The reaction of ent-14 -(benzoyloxy)-15R,16R-epoxy derivative 6 with ruthenium acetylacetonate in a sealed tube at 140°C for 7 h gave rise to a mixture of products 8 (5%), 9 (19%), 10 (8%), and 11 (15%) (Scheme 1). These rearranged products were similar to those obtained previously in which the starting material was the ent-14R-acetoxy-15R,16R-epoxy derivative. 8 Spectroscopic data of products 8-10 were very similar to those of the acetoxy derivatives isolated in previous work, with the expected differences produced by the benzoyloxy group at C-14 or C-15 in the ent-beyerene or ent-kaurene skeletons, respectively. Formation of these rearranged products from the benzoyloxy epoxy compound 6 has been explained through a process similar to that described for the acetoxy derivatives 8 (Scheme 2). As can be seen, the proposed mechanism assumed different pathways involving hydride shifts and/or the participation of a 14-endo-(benzoyloxy) group.
Treatment of epoxy compound 7 with ruthenium acetylacetonate under the above conditions gave 12 (4%), 13 (7%), 14 (10%), 15 (6%), 16 (5%), and 17 (16%) (Scheme 3). In this case, the rearrangement process gave rise to three new rearranged compounds (products 13, 16, and 17). Moreover, other products differed only in the substituent at C-14 and C-15, now a benzoyloxy group instead of an acetoxy group.
Product 12 was similar to a product obtained from an epoxy acetoxy compound 8 and had an ent-15 -(benzoyloxy)-14R-hydroxykaur-16-ene skeleton. 1 H and 13 C NMR spectroscopic data of 12 confirmed this structure, and its formation was justified by the mechanism shown in Scheme 4. An opening of the epoxy group toward C-15 was assumed, and a concerted 12(13)f16 rearrangement could occur. Thus, the ent-kaurene skeleton with a carbocation at the original C-13 was formed (path a in Scheme 4). The participation of an ent-14 -(benzoyloxy) group gave an intermediate B, which by loss of a C-17 proton yielded product 12 (path b in Scheme 4). 2.0 Hz, J 2 ) 4.0 Hz) can be also observed. The structure of 13 was established using the C/H correlation and COSY experiments. These data suggested the existence of an ent-atis-16-ene skeleton functionalized at C-14 and C-15 using published data as a reference for this unfunctionalized skeleton. 21 Thus, the signals at δ 5.53 (H-15) and δ 4.21 (H-14) were correlated with the signals at 81.8 ppm (C-15) and 66.7 ppm (C-14) in the correlation C/H spectrum, respectively. Moreover, the H-17 signals were assigned to an exo-methylene group at δ 5.03 and δ 4.96 in the COSY spectrum. The H-14 signal was coupled to the signal at δ 2.32 (H-13), which was coupled to another at δ 2.50 (H-12) in the COSY spectrum. Furthermore, the γ, , and R effects of the C-14 and C-15 substituents on the carbons of the C and D rings were taken into account to assign the chemical shifts in the 13 C NMR spectrum of product 13. Finally, oxidation of product 13 gave ketone 18. Several 1 H and 13 C mono-and bidimensional NMR experiments were conducted on 13, and these data were in agreement with published data for similar structures. 22 Therefore, product 18 was considered to be the 14-oxo derivative of 13, which was ent-18-acetoxy-15 -(benzoyloxy)-14R-hydroxyatis-16-ene. The formation of rearranged prod- Product 14, also obtained from this rearrangement, presented a molecular peak of m/z 502 that indicated a molecular formula of C 29 H 39 O 5 Cl. This product had an ent-beyerane skeleton, since its NMR spectrum showed three methyl singlet signals (δ 1.00, 0.93, and 0.79) and an AB quartet from the C-18 acetoxymethylene group. In addition, the ent-14 -(benzoyloxy) group also remained at this position, since the signal of its geminal proton appeared at δ 4.91 (1H, d, J ) 1 Hz). Moreover, the signals of protons geminal to functions on C-15 and C-16 were apparent at δ 4.41 (1H, m) and δ 4.14 (1H, d, J ) 3.9 Hz), respectively. These signals were similar to those observed for a previously described ent-16 -chloro-15R-hydroxy derivative obtained from trans epoxy opening. 9 The 13 C NMR data of 14 were also compatible with the mentioned substitution for similar compounds. 8,9 Product 14 was probably formed from intermediate A by dorsal attack of a chlorine ion on C-16 (path e in Scheme 4). Such chlorine entry was observed previously 9 and probably originated from the solvent (CHCl 3 ) in which the rearrangement process was conducted.
Rearranged product 15 had an ent-kaur-11-ene skeleton and was similar to a product obtained from the acetoxy epoxy compound rearranged previously. 8 Its formation was started from intermediate B by a 12f16 hydride shift (path f in Scheme 4) so that a carbonium ion was formed at C-12 (intermediate E). This cationic structure may undergo the loss of a C-11 proton with the formation of a C-11/C-12 double bond (path g in Scheme 4).
Product 16 also differed from derivatives previously obtained. 8 Its molecular ion peak (m/z 502) and the successive fragmentations observed indicated that a chlorinated compound was again formed, with a molecular formula of C 29 H 39 O 5 Cl. The 1 H NMR spectrum of 16 presented two singlet methyls (δ 0.97 and 0.79) and one doublet methyl (δ 1.10, J ) 8.0 Hz); in addition, a double quartet was observed at δ 2.73 (1H, dq, J 1 ) J 2 ) 8.0 Hz). These signals suggested that 16 had an entkaurane structure. Several bidimensional NMR experiments were done to establish the structure of this compound. At δ 5.22 there was a signal (1H, d, J ) 8.0 Hz) which was coupled with the signal at δ 2.73 (H-16); therefore, the δ 5.22 signal was due to the proton at C-15 geminal to a benzoyloxy group. Moreover, the signal of the ent-14 proton geminal to hydroxyl group (1H, s) was located at δ 4.14. In addition, at 4.25 ppm we noted the signal of a proton coupled with three other protons (1H, ddd, J 1 ) 12.0 Hz, J 2 ) 6.2 Hz, J 3 ) 2.3 Hz). Since there was a chlorine in the molecule, this signal must represent its geminal proton. From the COSY spectrum of 16 we deduced that the signal at δ 4.25 (ent-12 -H) was correlated with three proton signals at δ 2.32, 2.13, and 1.65. Therefore, a CHCHXCH 2 group must be present, an arrangement that is only possible if the chlorine atom is situated at C-11 or C-12. The C/H correlation spectrum of 16 was also studied and the 13 C NMR chemical shifts were analyzed, assuming both possibilities. On the basis of these data and the 13 The last product isolated from this rearangement (17) also had a molecular formula of C 29 H 39 O 5 Cl (m/z 502). Product 17 had an ent-beyerane skeleton, since three methyl singlet signals at δ 1.12, 1.00, and 0.80 were observed in the 1 H spectrum. At δ 5.42 we noted a singlet signal corresponding to a proton geminal to the benzoyloxy group on C-14. Moreover, at 4.10 ppm (1H, narrow doublet, J ) 1.7 Hz) and 4.35 ppm (1H, broad multiplet) we found the signals of two protons geminal to the hydroxy group and to the chlorine atom. The 13 C NMR data were not compatible with products formed from a trans or cis epoxy group opening. Various 2D-experiments (COSY, C/H, and INADEQUATE) were done to unequivocally establish the structure of compound 17. An INADEQUATE spectrum study allowed us to determine the connectivity of all carbons of the molecule. An ent-beyerane skeleton was assumed for compound 17, and its INADEQUATE spectrum showed that C-15 was oxygenated and that it was connected to a quarternary (C-8) and a methylenic carbon atom (C-16). Futhermore, C-16 was joined to a primary carbon (C-17), to a methynic carbon (C-12), and to the carbon which supported the benzoyloxy group (C-14). NOE effects were observed between H-17, H-12, and H-14; there was also a NOE effect between H-15 and H-20. Therefore, compound 17 is assumed to have an axial chlorine atom at C-12 and ent-15R-hydroxyl group at The results reported here indicate that rearrangement of the 14-(benzoyloxy) epoxy compounds 6 and 7 instead of the 14-acetoxy epoxy compounds 8 does not lead to a significant improvement in yield. However, in the case of ent-14 -(benzoyloxy) derivative 7, the resulting products varied considerably. The ent-atis-16-ene product 13 is interesting because it can be used as a precursor for ent-14-oxo atis-16-enes. These entatisenes possess interesting biological properties and have been isolated from tropical plants. 24 In addition, the chlorinated compounds obtained allowed us to postulate a mechanism of formation of the products by capture of intermediates from the rearrangement process.
Experimental Section
General Experimental Procedures. NMR spectra were done in CDCl 3 in a Bruker AM-300 Bruker and in a ARX-400. The assignments of 13 C chemical shifts were done with the aid of distortionless enhancement by polarization transfer (DEPT) using a flip angle of 135°. 2D-NMR experiments, COSY90, NOESY, direct C/H correlation, and INADEQUATE, were performed with pullprogrs from the Bruker library (COSY90, NOESYST, HXCO, and INAD respectively). A sample of 110 mg of product 17 in 0.5 mL of CDCl 3 in a 5 mM diameter probe was used for INADEQUATE, which was acquired by 512 experiences of 192 scans, with relaxation delay between scans of 2.2 s and refocalization time of 1/4J ) 0.0065 s, in a week-end experiment. IR spectra were recorded on a Perkin-Elmer Model 983 G spectrometer or on a Nicolet 20SX FT-IR spectrometer. Mass spectra were determined with CI (methane) in a Hewlett-Packard Model 5988 A spectrometer. Optical rotations were measured on a Perkin-Elmer 241 polarimeter at 20°C. Silica gel SDS 60 A CC (40-60 µm) was used for flash chromatography. CH 2 Cl 2 or CHCl 3 containing increasing amounts of Me 2 CO was used as the eluent. Analytical plates (silica gel, Merck 60 G) were rendered visible by spraying with H 2 SO 4 /AcOH, followed by heating to 120°C. Starting material for this work, ent-14 -acetoxy-18-hydroxybeyer-15-ene (1), was isolated from Sideritis pusilla (var.flavovirens). 19, 20 Saponification of ent-14 -Acetoxy-18-hydroxybeyer-15-ene (1). Seven hundred mg of 1 was dissolved in 25 mL of a MeOH/H 2 O solution (30/70) with 5% of KOH. The reaction was maintained at reflux for 6 h, after which time it was neutralized, extracted with CH 2 Cl 2 , dried with anhydrous Na 2 SO 4 , and purified by flash chromatography, yielding 600 mg of 2 (98%). 8 Acetylation of ent-14 ,18-Dihydroxybeyer-15-ene (2). Six hundred mg of 2 was acetylated with Ac 2 O/Py (2:4 mL) for 1 h at 0°C. Purification by flash chromatography provided 110 mg of monoacetylated product 3 (76%). 8 -18-Acetoxy-14 -hydroxybeyer-15-ene (3) . Three hundred mg of 3 was dissolved in acetone (10 mL) and oxidized with Jones' reagent for 30 min at 0°C. Purification by flash chromatography gave 235 mg of 4 (79%). 8 Reduction with NaBH 4 of ent-18-Acetoxybeyer-15-en-14-one (4). Twenty mg of NaBH 4 was added to a stirred solution of 235 mg of 4 in EtOH (10 mL) at room temperature for 1 h. The reaction mixture was acidified with dilute HCl, extracted with CH 2 Cl 2 , dried, and evaporated. Purification by flash chromatography provided 228 mg of 5 (96%). 8 Benzoylation and Epoxidation of ent-18-Acetoxy-14R-hydroxybeyer-15-ene (5). Two hundred twentyeight mg of 5 was treated with benzoyl chloride/Py (1:2 mL). After 12 h at room temperature, the mixture was diluted with H 2 O, extracted with CHCl 3 , washed with saturated KHSO 4 Rearrangement of ent-18-Acetoxy-14R-(benzoyloxy)-15R,16R-epoxybeyerane (6). Product 6 (140 mg) was dissolved in CHCl 3 (5 mL) in a sealed tube. Then, 14 mg of ruthenium acetylacetonate was added, and the mixture was heated at 140°C for 7 h. The solution was concentrated, and after purification and separation by flash chromatography four products were obtained: 8 (7 mg, 5%), 9 (27 mg, 19%), 10 (11 mg, 8%), and 11 (8) , (16 mg, 15%) .
Oxidation of ent
ent-18-Acetoxy-14R-(benzoyloxy)beyera-9,15-diene ( 
